Abstract-Metabolic oligosaccharide engineering is an emerging technology wherein non-natural monosaccharide analogs are exogenously supplied to living cells and are biosynthetically incorporated into cell surface glycans. A recently reported application of this methodology employs fluorinated analogs of ManNAc, GlcNAc, and GalNAc to modulate selectin-mediated adhesion associated with leukocyte extravasation and cancer cell metastasis. This monograph outlines possible mechanisms underlying the altered adhesion observed in analog-treated cells; these range from the most straightforward explanation (e.g., structural changes to the selectin ligands ablate interaction with their receptors) to the alternative mechanism where the analogs inhibit or otherwise perturb ligand production to more indirect mechanisms (e.g., changes to the biophysical properties of the selectin binding partner, the nanoenviroment of the binding partners, or the entire cell surface).
INTRODUCTION
Metabolic oligosaccharide engineering (MOE) is a maturing technology that had its origins over two decades ago when the sialyltransferases were found to have the capacity to add modified sialic acids (Fig. 1a) even those bearing groups as large as fluoroscein (cpd vi in Fig. 1b) -to glycoconjugates. 30, 31 This technology took a dramatic step forward when the Reutter group showed that by using modified ManNAc analogs (Fig. 1c) , 40 rather than the cell-impermeant CMP-sialic acids used in the initial experiments just mentioned, MOE could be used in living cells and animals. By using ManNAc analogs with elongated N-acyl side chains such as ManNProp, ManNBut, and ManNPent (cpds vii, viii, and ix in Fig. 1d ), the corresponding N-acylmodified sialic acids could be installed on the cell surface. Another advance came when the Bertozzi group showed that bioorthogonal chemical functional groups such as the ketone (cpd xiv in Fig. 1e ) 50 and azide (xv) 61 could be installed in the glycocalyx via MOE; recently the trend toward increasing the chemical repertoire of this technology has resulted in the development of analogs with alkyne (xvi), 37 thiol (xvii), 59 diazarine (xiii), 67 and arylazide (xix) 35 functional groups. 23 From a practical standpoint, an early limitation of MOE was the low efficiency by which monosaccharide analogs were uptaken by cells. This problem has been confronted and largely overcome by using short chain fatty acid (SCFA)-derivatized analogs, first with acetate 48 and more recently with n-butryate. 1, 42 With over a decade of successful targeting of the sialic acid pathway in hand, efforts in the past few years have expanded MOE to fucose, 60 GalNAc, 24 and GlcNAc 69 (incorporation of the latter analog is believed to be limited to nucleocytosolic ''O-GlcNAc'' while being excluded from N-glycans). 23 Up to now, MOE has been a largely chemistry-driven enterprise, but there have been several intriguing biological consequences of this methodology reported. For example, the early analogs with elongated N-acyl alkyl chains reported by Reutter's group altered viral binding and infectivity 41 and they modulated the fate of embryonic neuronal cells 62 ; similarly, thiolated sialic acid analogs used in concert with a high affinity gold growth substrate also directed neuronal differentiation. 59 For treatment of human disease, because of the abundance of sialic acid on many types of cancer MOE has been often applied to treatment of malignant disease with efforts used to direct therapeutic agents (such as ricin 50 or doxorubicin 54 ) to over-expressed metabolically engineered sialosides or to use this method to enhance the immunogenicity of tumor associated carbohydrate antigens. 16 A full discussion of the emerging biological applications of MOE is beyond the scope of this monograph (an interested reader can consult review articles 13, 23, 41 ); instead we will focus on early indications that this technology can alter leukocyte (and, by extension, cancer cell) extravasation via modulation of selectin-mediated adhesion 7 ( Fig. 2a) . In a series of ground breaking experiments, Dafik and coworkers showed that fluorinated analogs that are incorporated into cell surface sialosides (Fig. 1f) reduced the adhesion of tumor cells to E-and P-selectin. 17, 18 Superficially, a comparison of fluorinated hydrocarbons to Teflon offers a trivial explanation for this result (i.e., that the cell surface has been endowed with ''non-stick'' properties). However, upon deeper reflection, the mechanisms by which fluorinated analogs inhibit selectin-based adhesion involved in leukocyte extravasation and cancer cell metastasis is certainly remarkably more complex. For example, by increasing van der Waals interactions, fluorination affects the separation tendency of fluorinated and nonfluorinated molecules thus potentially altering the size, distance, and inner ligand density of cluster patches that are important for cell rolling. 22 Accordingly, this monograph explores several possible ways by which MOE can, at least in theory, modulate the biophysical properties of the cell surface and by extension selectin-mediated adhesion. Once properly understood we anticipate that MOE will provide a lucrative new tool for modulation of not only selectin adhesion and leukocyte extravasation that are the focus of this report, but virtually any biological process affected by cell surface glycans. Based on the primary goal of MOE, which is the incorporation of non-natural monosaccharides into the glycocalyx, the most obvious way by which fluorinated ManNAc and Neu5Ac analogs alter selectin-mediated adhesion is through the replacement of natural Neu5Ac found within sLe X with non-natural forms of this sugar. The MOE-installed non-natural sialic acids create modified ligands that no longer properly interact with the lectin domains of selectins. For example, modifications made by MOE at the C9 (e.g., via the CMP-Neu5Ac analogs shown in Fig. 1b modified analogs reported in the literature 56 ) or the N-acyl position of Neu5Ac (via the ManNAc analogs shown in Figs. 1d-1f) in theory could render the sLe X structure too bulky to fit into the binding pocket of a selectin lectin domain.
Molecular level insight into how sLe X interacts with selectins was first deduced from a ''glycomimetics'' analysis that indicated that the underlying Lewis X trisaccharide made several contacts with the selectin binding pocket (Fig. 2d) while the only part of sialic acid that was required for binding was the carboxylic acid moiety of this monosaccharide. 73 Subsequent crystal structures of sLe X bound to P-and E-selectin confirmed that selectins have a shallow binding pocket with much of the sialic acid residue oriented away from the binding site into empty space. 66 Accordingly, it is unlikely that MOE-mediated modifications made to Neu5Ac directly interfere in a substantial way with the binding of sLe X to the lectin domain of a selectin. A counterargument to this premise, however, can be made based on recent molecular dynamics simulations that indicate that changes to one part of sLe X can be structurally reflected in other parts of the molecule in ways that could alter binding to a selectin. 38 Consequently, the presence of a modified sialic acid installed in sLe X via MOE could affect bond strain and submolecular electronic features throughout the tetrasaccharide epitope thus altering the relative positions of the critical underlying contact points that it makes with a selectin, thereby diminishing binding.
Perturbation of Metabolic Flux
The incorporation of fluorinated ManNAc analogs into cell surface sialosides 17 is somewhat of an anomaly insofar as fluorinated metabolic intermediates have long been employed in drug development to inhibit a targeted enzyme or metabolic pathway. In fact, one of the very first-albeit unintended MOE experiments-occurred when 4-F-ManNAc was used to inhibit sialic acid production in cancer cells but was instead incorporated into surface elements. 32, 65 By contrast to fluorinated ManNAc, the use of other fluorinated hexosamines has proved more successful at inhibiting glycosylation, both in general and in ways that specifically apply to the modulation of selectin binding interactions. In a recent example, fluorinated GlcNAc (where the -OH at the C4 position is replaced with -F) successfully reduced the amount of the E-selectin ligand sLe X produced by human T and leukemic cells 22 by reducing UDP-GlcNAc levels. 6 A drawback of targeting GlcNAc, however, is that this sugar is involved in multiple facets of human glycan production beyond sLe X by forming the attachment point for N-glycans to proteins, by appearing in O-glycans (e.g., as part of sLe X , Fig. 2) , and by constituting the nucleocytosolic ''O-GlcNAc'' post-translational modification. 75 The impact of 4-F-GlcNAc reaches beyond the inhibition of the incorporation of GlcNAc into glycans by altering GalNAc metabolism through changes to the equilibrium between UDP-GlcNAc and UDPGalNAc. 55 On one hand, because of the appearance of selectin ligands in both O-and N-glycans 3,36 a compound such as 4-F-GlcNAc that impinges upon both types of glycans logically should have maximal efficacy at disrupting selectin-mediated adhesion. However, to avoid unintended side effects from broadly altering glycosylation, more precise tools would be advantageous. For example, 4-F-GalNAc, which has the potential to specifically target O-glycans, reduced selectin ligand abundance on HL-60 cells resulting in reduced leukocyte migration in a murine model of thioglycolate-induced peritonitis. 51 Interestingly, in addition to inhibiting the production of certain glycan epitopes, 4-F-GalNAc was also reported to be incorporated into the oligosaccharides of the selectin ligand PSGL-1. 51 Similarly, the fluorinated ManNAc analogs mentioned above that reduced selectin-mediated adhesion did not inhibit flux through the sialic acid pathway but instead replaced a proportion of the natural Neu5Ac-containing epitopes with those bearing fluorinated N-acyl groups. 18 Consequently, monosaccharide analogs that perturb glycosylation can result in extraordinarily complex and difficult to unravel changes to glycan production leaving open the possibility that explanations other than just the reduction or structural alteration of the sLe X (or other glycan-based) selectin ligands is needed to account for the diminished selectin adhesion in cells treated with fluorinated hexosamine analogs.
Limitations and Perplexing Aspects of ''Direct'' Mechanism
As discussed above, it is possible although not yet confirmed that direct interactions between the modified sLe X ligands presented on cells subject to MOE and their selectin binding partners play a major role in dampening selectin-mediated adhesion. For example, fluorinated GlcNAc and GalNAc analogs that inhibit glycosylation result in complex global changes to glycan patterns that have yet to be fully characterized. Even fluorinated ManNAc analogs, which more precisely target a subset of the glycosylation machinery (i.e., Neu5Ac-bearing glycans, because there are few interconnections between sialic acid biosynthesis and the rest of the glycosylation enzymes, as discussed in more detail elsewhere 23, 49 ) and thus are unlikely to dramatically perturb the overall repertoire of cells surface glycans, remain puzzling. In particular, these compounds can leave the number of native sLe X ligands relatively unchanged while installing additional non-natural ligands. 18 The native selectin ligands remaining on the analog-treated cells should, at least in theory, offset the anti-adhesive effects of the modified sLe X ligands. Several possibilities by which the MOE can indirectly modulate adhesion and thereby offer insights into this conundrum are presented next.
Indirect Mechanisms Putatively Involved in Selectin-Based Adhesion
Indirect mechanisms-i.e., those that do not occur by inhibiting the production of sLe X or incorporation of non-natural monosaccharides into this epitope by MOE-by which MOE could regulate leukocyte extravasation occur on a hierarchy of size scales, which will be discussed from smallest to largest. At the smallest scale lies the ''direct'' submolecular mechanism discussed above where the larger N-acyl group of the modified analogs provided steric hindrance to binding. Next, are the molecular (e.g., the entire selectin ligand), the nano (e.g., the effect on multiple proteins or assemblages such as the ''glycosynapse''), and the micro (e.g., the bulk properties of the plasma membrane) scales. In addition, although the primary purpose of MOE is to modulate glycan structures, increasing evidence is accumulating that this technology affects cell signaling and gene expression in ways that could impact leukocyte extravasation. Each of these possibilities will now be discussed in more detail.
Molecular Scale Mechanisms
Increasing evidence suggests that to be effective, selectin ligands must have a modicum of flexibility 5 that-significantly-resides outside of a single sLe X structure. This possibility was first raised by periodate treatment of sLe X -expressing cells, which ablated characteristic threshold shear dependent adhesion (Fig. 3) . 57 Schiff base formation wherein the aldehyde of the modified sialic acid formed a covalent bond with an amine located in the lectin domain of a selectin offered a possible explanation for how adhesion was achieved in the absence of flow for periodate treated cells (Fig. 3b) . This idea was supported by further treatment with borohydride, which reduced the aldehyde to a hydroxyl group and restored characteristic flow-dependent binding (Fig. 3c) . 57 This mechanism, however, was later debunked by AFM experiments that showed no difference in binding between periodate-treated and native sLe X indicating that the key The restored hydroxyl: X supports flowdependent selectin adhesion, which is depicted schematically on the right. As an aside, it might be noted that under non-physiological conditions, (e.g., at very high ligand density 5 selectin-mediated adhesion can also occur in the absence of flow. molecular change enacted by periodate treatment lay outside of single selectin ligand. 76 An intriguing hypothesis to explain this discrepancy is that the collective effect of small chemical changes to numerous sialic acids can alter the flexibility of a selectin ligand and thereby modulate leukocyte tethering and rolling.
To illustrate this concept, the P-selectin ligand PSGL-1 (illustrated in Fig. 2) or the L-selectin ligand CD34 (illustrated in Fig. 3 or described in the literature 14, 46 ) each contains 70-80% carbohydrate. The resultant >100 kD mass of carbohydrates represents at least 50 oligosaccharide chains (probably more, considering that most are relatively small O-glycan structures), each of which can be terminated with one or more sialic acid residues. The aldehyde resulting from periodate oxidation of the C7-C8 bond (Fig. 3b) can form stronger hydrogen bonds (4-7 kcal/mol) compared to hydroxyl groups (0-3 kcal/mol), which are restored upon borohydride treatment (Fig. 3c) . Summed over the entire molecule, which contains dozens of sialic acids, the stronger aldehyde-mediated hydrogen bonding could add 100 kcal or more of ''stability'' (e.g., similar to two or more disulfide bonds) to the macromolecule. These back-of-theenvelope calculations indicate that it is plausible that selectin ligand flexibility could be altered by periodate treatment. This premise, combined with the elegant series of experiments reported by the McEver group and their collaborators that establish that selectin ligand flexibility is critical for the apparent catch bond properties of these molecules that contribute to the flow-dependent adhesion sketched in Fig. 3 , 26, 52 suggests that MOE could be used to alter tethering and rolling. At present, no clear information is available to guide MOE experiments as to whether selectin ligands should be rendered more or less flexible to optimally disrupt leukocyte extravasation, or the precise analogs to use for either endpoint; nevertheless this almost entirely unexplored research area opens many intriguing possibilities for the manipulation of surface molecules and adhesion.
Nanoscale Multi-Molecular Assemblies
The typical selectin ligand such as PSGL-1 or CD34 is a large biomacromolecule, consisting of polypeptide backbone with dozens of attached oligosaccharides; one way to alter the flexibility of as discussed in the previous paragraph would be through intramolecular carbohydrate-carbohydrate interactions (Fig. 4a) . Evidence for direct interactions of one carbohydrate with another (including sLe X -sLe X ) 63 has solidified in recent years 11, 19 ; in a slight variation water can act as a bivalent ''bridging'' molecule between two carbohydrates via hydrogen bonding (in fact one explanation proposed for some of the effects of ethanol is that it disrupts this bridging allowing only one H-bond to form 43, 44 ). Furthermore, because selectin ligands such as PSGL-1 often exist in a dimeric form, carbohydrate-carbohydrate interactions can also occur intermolecularly between glycans on different peptide chains (Fig. 4b) ; an example of this type of interaction, is how antibody affinity can be modulated. 27 Finally protein-carbohydrate interactions (Fig. 4c) can affect the aggregation of multimeric protein complexes 70 ; of particular relevance to this discussion, MOE-based methods using photoactivatable functional groups (e.g., diazarine (cpd xviii in Fig. 1e ) 35 and arylazide (xix) 67 ) have already been demonstrated to capture carbohydrate-protein interactions made in living cells.
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Continuing in the vein of multimeric protein assemblies, adhesion molecules of the type involved in leukocyte extravasation are surrounded by nanoscale raft-type assembly of glycosphingolipids whose structure, biophysical properties, and ultimate function are dominated by carbohydrates. 34 Approximately 1% of the~100 billion phospholipids that comprise cellular membranes are glycosylated; a common glycosphingolipid is lactosylceramide (shown in Fig. 4d ). Importantly, the glycolipids are not uniformly distributed throughout the plasma membrane but are instead clustered into lipid raft assemblies that are often associated with functional membrane proteins. An outstanding example of how glycolipids, in particular the sialic acid residues of gangliosides (gangliosides are sialic acid-derivatized glycolipids, represented by GM3 and GD3 in Fig. 4d ), can modulate the activity of membrane components is provided by ion channels. 53, 72 Another well established example is provided by integrins, which mediate the ''firm adhesion'' stage of leukocyte extravasation (Fig. 1a) and also exemplify ''The Glycosynapse'' concept. 33 Although less is known about the interaction of selectins or their ligands with glycolipids located within their native nanoenvironment in living cells, intriguing membrane model systems in which the alkyl moieties sLe X -derivatized lipids were fluorinated revealed that the clustering of these E-selectin ligands was disrupted thereby impeding cell tethering and rolling. 64 It is intriguing to speculate that incorporation of fluorinated moieties into the glycan portion of selectin binding partners can similarly impact ligand clustering and thereby contribute to the aforementioned reduced adhesion observed in cells treated with fluorinated ManNAc 17, 18 or GalNAc 51 analogs.
Global Cell Scale Mechanisms
Moving beyond the nanoscale (e.g., the ''glycosynapse'' discussed above), glycosylation can affect the overall biophysical properties of the cell membrane via the ''galectin lattice'' 10, 20 in ways that have an impact on cell adhesion involved in cancer 47 and many other biological processes. 9 To our knowledge the impact on selectin adhesion has not been tested, but considering that the receptors must be localized at the tips of the microvilli, altering the galactin lattice could stabilize them in position, enhancing adhesion, or it could slow them from localizing properly, thereby impeding adhesion. The relevance of MOE to the galectin lattice has been established by studies that detail how the activities of MGAT4/5 (the glycosyltransferases responsible for highly branched N-glycans required for lattice formation) require very high intracellular levels of UDP-GlcNAc (i.e., 10 mM or higher). In a manner reminiscent of sialic acid-based MOE outlined in Fig. 1 , but with a completely natural monosaccharide, galectin lattice formation can be augmented with exogenously-supplied GlcNAc that increases flux through the hexosamine biosynthetic pathway and increases UDP-GlcNAc levels. 21 Alternately, 4-F-GlcNAc, which decreases UDP-GlcNAc levels as discussed above, would be expected to diminish the galectin lattice. Finally, it is noteworthy that sialic acid can play a yin-yang role in galectin lattice formation 4 ; specifically, by masking the penultimate galactose/ GalNAc residues lattice formation is weakened thereby reversing the effects of MGAT4/5 and increased flux through the HBP. 15 Consequently, the galectin lattice can be dampened by using ManNAc analogs that enhance sialic acid production in contrast to strengthening it via GlcNAc; in summary MOE promises exquisite control over this determinant of membrane properties.
Non-Glycan Based Mechanisms
It has long been known that simple sugars can be signaling molecules in the context of the lac operon in bacteria. In mammals, this concept has been slower to be solidified, but recently analogs of the type used in MOE (e.g., ManNAc itself, as well as ManNProp, cpd vii) now have been shown to alter gene expression. 45 SCFA-modified analogs also have the ability to act as signaling molecules and alter gene expression, in part through the HDACi properties of hydrolyzed SCFA 58 but also through ''whole molecule'' effects that suppress NF-jB activity. 12, 25, 71 Again, the impact of these mechanisms on leukocyte extravasation remains unknown, but to fully elucidate the mechanism by which MOE impacts selectin adhesion they will need to be addressed.
Technical Obstacles and Practical Matters
This monograph, by providing a brief overview of ''unknowns'' inherent in MOE-based efforts to manipulate selectin-based adhesion was not able to fully explore many practical issues. For example, one important issue not addressed in adequate detail is the exact metabolic intermediate at which to intercept a biosynthetic pathway. For example, as we discuss elsewhere in detail, 2 flux into the sialic acid pathway potentially can be augmented with GlcNAc, ManNAc, Neu5Ac, and CMP-Neu5Ac analogs. Although most extant MOE experiments now utilize ManNAc analogs, 23 fluorinated Neu5Ac analogs are more robustly displayed on the cell surface 17 possibly by overcoming the bottleneck comprised of sialic acid synthase. 39, 68 In a similar technical vein, it has been long known that analog incorporation is highly cell type dependent both in cell culture 74 and in vivo 28 ; these considerations exquisitely apply to E-selectin ligands, which were suppressed by 4-F-GlcNAc on T cells but not on natural killer (NK) cells. 29 Clearly, future opportunities to exploit MOE to modulate selectin-based adhesion in a meaningful way will require not only a fundamental understanding of the mechanisms in play, but also more mundane, but equally important technical issues such as analog design and cell specificity.
Summary and Concluding Comments
In pioneering experiments, MOE has successfully modulated selectin-mediated adhesion by employing ManNAc and Neu5Ac analogs with fluorinated N-acyl alkyl groups. These compounds presumably gained efficacy by replacing natural selectin ligands with ineffective counterparts because the overall level of sialic acids on the cell surface was not reduced by analog treatment. By contrast, fluorinated GalNAc and GlcNAc analogs appear to primarily function as inhibitors of certain enzymes involved in glycosylation and thus gain effectiveness primarily by reducing the number of selectin ligands on treated cells. As outlined in this article, the precise mechanisms through which monosaccharide analogs modulate selectinmediated adhesion remain to be elucidated, but once they are, many opportunities will exist to further exploit this technology. For example, additional chemical modifications to the N-acyl group of analogs that target the sialic acid pathway (as shown in Fig. 1 ) may be more effective than currently tested compounds. Alternately, as-of-yet unexplored glycosylation pathways may be lucrative; for example metabolic replacement of fucose 60 (which is a critical part of the sLe X epitope for selectin binding, Fig. 2d ) may prove to be an ideal way to exploit MOE to control leukocyte extravasation.
